T cell development is marked by the loss of alternative lineage choices accompanying specification and commitment to the T cell lineage. Commitment occurs between the CD4 and CD8 double-negative (DN) 2 and DN3 stages in mouse early T cells. To determine the gene regulatory changes that accompany commitment, we sought to distinguish and characterize the earliest committed wild type DN adult thymocytes. A transitional cell population, defined by the first down-regulation of surface c-Kit expression, was found to have lost the ability to differentiate into dendritic cells (DC) and natural killer (NK) cells when cultured without Notch-Delta signals.
Introduction
Early T cell development is a prolonged process in the thymus marked by loss of alternative lineage choices accompanying T cell specification and commitment to the γδ or αβ T lineages. While much progress has been made in understanding the gene expression patterns and regulatory networks involved in the early stages of T cell development (1) (2) (3) (4) (5) , the specific regulatory events that result in T lineage commitment have not yet been elucidated.
To identify the critical gene expression changes leading to T cell commitment, the event must be accurately timed. Commitment is scored by loss of alternative developmental potential, and is thus dependent on refined purification of staged precursor cells. Mouse T cell precursors are CD4, CD8 double negative (DN) cells lacking a TCR, which were initially subdivided into DN1, DN2, DN3 and DN4 stages based upon CD25 and CD44 expression (6) . Subsequently, additional markers were found to more precisely define these populations, especially for the DN1 stage, which includes both T cell precursors and irrelevant cells when defined solely based on CD44 and CD25 expression (7) . High levels of c-Kit (CD117), the receptor for stem cell factor, were found to mark the pluripotent early thymic precursor (ETP) subset of DN1 cells as well as DN2 progenitor cells (8) . Furthermore, cell size and CD27 expression were found to subdivide adult DN3 cells into pre-and post-β-selection cells (DN3a and DN3b respectively), allowing clear delineation of the earliest events in β-and γδ-selection and the manipulation of these cells (9) (10) (11) .
Multiple studies have shown that DN3 cells are committed to the T lineage but the DN2 population is not, with possible alternative lineages including myeloid, DC, NK, and mast cells (12) (13) (14) (15) (16) . Fetal thymic DN2 cells from pLck-GFP transgenic mice were found to be heterogenous in developmental potential: GFP + DN2 cells could not differentiate into DCs and made NK cells very poorly in comparison to GFP − DN2 cells (17) , implying that regulatory events establishing T lineage commitment may occur close to the DN2 stage, at least in fetal cells, well before the cell cycle arrest characteristic of the DN3 stage β-selection checkpoint (9) .
Between the DN2 to DN3 stages is a period of major developmental change at molecular and cellular levels, triggered by an unknown intrinsic and/or extrinsic events. This is a time of markedly decreased proliferation, increased RAG-mediated TCR gene rearrangement, upregulation of Notch target gene expression, shifted growth and survival requirements crucial for β-selection checkpoint enforcement, and upregulated expression of many critical T cell genes (rev. in (18) ). DN2 cells also express many "legacy" stem cell genes and genes associated with alternative lineages many of which decline precipitously between the DN2 and DN3 stages (1-3, 5, 16, 19) . Although the expression of many transcription factors, T cell identity genes, and non-T cell genes changes dramatically from the ETP to the DN3 stage, it is not clear which of these gene changes are causally linked to T lineage commitment. For this, a more precise ordering of the gene expression changes in relationship to the commitment event is required.
In this study we found that the first phenotypic shift in c-Kit surface expression can be used in wild type adult mouse thymocytes as a marker to reveal a the earliest committed cells which precedes the phenotypic and functional changes that define the DN3a stage. Two inbred mouse strains were used to confirm the generality of these findings: C57BL/6 (B6) mice, the most commonly studied strain for immunological studies, and non-obese diabetic (NOD) mice, an autoimmunity-prone strain with a defect in early T cell checkpoint control (20) . Gene expression analysis reveals that commitment is most closely associated, in both strains, with downregulation of a specific set of progenitor cell or non-T lineage regulatory genes, that it precedes major increases in Notch-dependent gene expression, and that only a select group of T lineage transcription factors is upregulated before commitment.
Materials and Methods

Mice
C57Bl/6J, NOD.Shi/J, NOD.B6-(D6Mit254-D6Mit289)/CarJ (NOD.NK1.1), and Eμ-Bcl-2-25 transgenic (Bcl2Tg) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). These strains were bred and maintained in the Caltech Laboratory Animal Facility. Female mice were used at 4-6 weeks of age. All animal protocols were reviewed and approved by the Animal Care and Use Committee of the California Institute of Technology.
Antibody staining, cell sorting, and flow cytometric analysis
To isolate DN populations, mice were sacrificed, their thymuses were removed and single cell suspensions made. Mature cells were depleted by staining with biotinylated antibodies to CD8a (53-6.7), TCRγδ (eBioGL3), TCRβ(H57-597), Gr1 (R86.8C5), Ter119 (Ter119), CD122 (5H4), NK1.1 (PK136), and CD11c (N418), after which the cells were incubated with streptavidin coated magnetic beads and the passed through a magnetic column (Miltenyi Biotec, Auburn, CA). Eluted DN cells were stained with c-Kit-APC (2B8), CD25-APC-AlexaFluor750 (PC61.5), CD44-PacficBlue (CIM7), CD27-FITC (LG.7F9), plus the viability dye, 7-Aminoactinmycin D (Invitrogen, Eugene, OR), and γδTCR-PE (eBioGL3) and CD11c-PE (N418) to deplete any remaining γδT cells or DCs. Purified ETP (CD25 − CD44 hi c-Kit hi ), DN2a (CD25 + CD44 hi c-Kit +++ ), DN2b (CD25 + CD44 hi c-Kit ++ ), and DN3a ((CD25 + CD44 lo c-Kit lo CD27 lo FSC hi ) precursor cells were sorted using a FACSAria with Diva software (Becton Dickinson Immunocytometry Systems [BDIS], Mountain View, CA). For analysis, cultures were forcefully pipetted, filtered through nylon mesh to remove stromal cell clumps, and stained with CD45-APC or -PECy5.5 (30-F11), to identify input cells, plus various combinations of lineage identifying antibodies: c-Kit-PE (2B8), CD44-PECy5.5 (CIM7), CD25-FITC (PC61.5), CD4-PECy5.5 (L3T4), CD8a-FITC (53-6.7), TCRγδ-PE (eBioGL3), NK1.1-PE (PK136), CD11c-APC (N418), CD11b (Mac1)-PE (M1/70), MHC I-A/I-E-FITC (M5/114.15.2, for B6 cells) and I-A k (10-3.6 for NOD cells, Biolegend, San Diego, CA), and analyzed using a FACSCalibur (BDIS) and FlowJo software (Treestar, Ashland, OR). Antibodies were purchased from eBiosciences (San Diego, CA) except as noted. For intracellular PU.1 staining, DN thymocytes were stained with surface markers, c-Kit-PE (Clone 2B8) and CD25-FITC (Clone PC61.5), fixed and permeabilized using Cytofix/Cytoperm Kit (BD) and stained with antibody to PU.1-AlexaFluor647 or an isotype control-AlexaFluor647 (Cell Signaling Technology, Danvers, MA).
Cell culture
OP9 co-cultures were carried out as previously described (10, 21) . For T cell development, sorted cells were placed on monolayers of OP9-DL1, supplemented with 2.5 ng/ml IL-7 and 5 ng/ml Flt3L. For DC and NK cell development OP9-Control (Ctrl) cells were used, supplemented with 2.5 ng/ml IL-7 and 10 ng/ml Flt3L. Human forms of the cytokines were used and obtained from Peprotech (Rocky Hill, NJ). Tissue culture media and fetal calf serum were obtained from Invitrogen/Gibco (Carlsbad, CA). In some experiments varying doses of γ-secretase inhibitor X (GSI, Calbiochem) was added at the start of the cultures to attenuate Notch signals. Stocks of GSI were dissolved in DMSO and diluted in tissue culture medium for addition to cell cultures. For proliferation assays, DN cell subsets were FACS sorted and then stained for 8 min at 37°C with 5 μM CFSE (Cell Trace CFSE Proliferation Kit, Invitrogen), in accordance with the manufacturer's instructions, before culture.
RNA extraction and quantitative RT-PCR analysis
RNA was isolated from sorted DN cells from B6 and NOD mice and qRT-PCR carried out as previously described (16, 20) . Briefly cells were lysed in Qiazol (Qiagen, Valencia, CA), RNA isolated using RNAeasy extraction kits (Qiagen), and cDNA reverse transcribed using random hexamers and SuperscriptIII (Invitrogen) following manufacterer's instructions. cDNA samples were diluted and mixed with gene-specific primers and SyBr GreenER (Invitrogen) and run on an ABI Prism 7700 Sequence Detector (ABI, Mountain View, CA). Primers used for this study were synthesized by Eurofins MWG Operon (Huntsville, AL) and have been published previously (2, 5, 19, 20) , with the exception of Lyl1 (FOR-CAGGACCCTTCAGCATCTTC; REV-ACGGCTGTTGGTGAACACTC). Results were calculated using the ΔCt method normalizing all samples to Actb expression.
Results
Surface c-Kit levels distinguish a developmentally intermediate population between DN2 (DN2a) and DN3 cells DN2 cells are CD25-positive cells that also express hematopoietic progenitor-associated CD44 and c-Kit, both of which decline as the cells progress to the DN3 stage (22) (Fig. 1A  and 1B ). High c-Kit expression is critical to define the DN2 stage (23, 24) , but we had previously noted that CD25 + cells with a small shift in c-Kit levels were distinguishable in their expression of several developmentally important genes (3). We sought to determine if this subset could provide a useful developmental-intermediate population to stage the loss of non-T cell potential and for analysis of the accompanying gene expression changes. Figure 1 shows the phenotypic dissection and gating of T cell precursor stages from B6 and NOD mouse thymuses. Thymocytes were rigorously depleted of DP, TCRβ + and TCRγδ + cells, DCs and NK cells, as described in Materials and Methods, before staining and purification by cell sorting. CD25 plus CD44 or c-Kit expression have previously been used to define the DN populations, (Fig. 1A) . As shown in Fig 1B, selection of DN thymocytes expressing high levels of c-Kit and CD44 can be subdivided into CD25 − ETPs and two CD25 + c-Kit hi cell populations. However, whereas all the CD25 + cells appear to fall into a single distribution in terms of CD44 expression (upper dot plots), two levels of c-Kit can readily be distinguished for both B6 and NOD DN cells (lower dot plots). The CD25 + cells with the highest c-Kit, even higher than in ETP, were designated as DN2a (the most stringently defined DN2 in (23)), and those with slightly lower c-Kit levels as DN2b. DN2b cells exhibit a lower but overlapping distribution of surface CD44 compared to DN2a cells, and are gated to be clearly distinct from DN3 cells (Fig. 1C) . It is worth noting that the c-Kit differences are quite small relative to the overall levels of c-Kit, and that gated DN2 cells in mutational and gene expression analysis studies have often included DN2b and other cells (23) .
To test whether these subsets represent a sequence of successive T cell precursor stages, purified ETP, DN2a, DN2b, and DN3a cells were co-cultured with OP9-delta-like 1 (DL1) stromal cells, which provide the Notch ligands required for T cell development (25) . Similar results were seen for B6, NOD, and Bcl2 transgenic mice when analyzed for development using c-Kit, CD44 and CD25 expression ( Fig. 2A, B) . After 4 days of culture, Bcl2-transgenic ETPs generated both DN2a and DN2b-like CD25 + cells (high to intermediate cKit and CD44), DN2a cells shifted to phenotypes typical of DN2b and DN3a cells (intermediate c-Kit and CD44), DN2b cells progressed to the DN3 stage (low c-Kit and CD44), and about half of the DN3a cells down regulated CD25, reaching DN4 or beyond (low c-Kit and CD44) ( Fig. 2A ; right-side histograms compare c-Kit and CD44 expression for each population after culture). DN subsets from B6 and NOD mice gave similar results (Fig. 2B) . In each case, DN2b cells also generated intermediate percentages of DN3 and DN4 cells, based on c-Kit and CD25 expression, between that of DN2a and DN3a cells.
Later, after 13 days of culture, all DN populations from B6 and NOD thymus produced more mature CD4 + CD8 + DP cells and/or γδTCR + cells (Fig. 2C ). DN2b cells generated proportions of DP and γδ T cells that were intermediate between those of DN2a and DN3a cells. The proportion of γδTCR + cells was consistently higher from DN2a than from DN2b or DN3a cells of both mouse strains, suggesting that differentiation from DN2a to DN3a may also be associated with a progressive reduction in γδT lineage potential (26) (27) (28) . Furthermore, these results show that DN2b cell population is more similar to DN2a cells than DN3a cells in their retention of a DN population along with production of DP cells, and their ability to produce abundant γδT cells. NOD DN2 subsets were also noted to consistently produce higher proportions of γδT cells and lower proportions of DP than their B6 counterparts, a result which is addressed in depth in a separate report (manuscript in preparation). Overall, these data show that all of these DN subsets are T lineage precursors, and that DN2b cells develop in vitro at a rate intermediate between those of DN2a and DN3a cells in an ordered precursor-product sequence and can thus be used in subsequent experiments as a post-DN2(a) transitional population.
DC and NK developmental potential is extinguished between the DN2a and DN2b stages
Early T cell precursors can develop into DCs, myeloid cells, and NK cells in the absence of Notch signaling (7, (13) (14) (15) (29) (30) (31) . To determine exactly when DC and NK potentials are lost, ETP, DN2a, DN2b and DN3a cells were purified from B6 thymuses and co-cultured with OP9-Control (Ctrl) cells. After 7 days, cultures were assayed for DC and NK cells using CD11c and MHC Class II (MHC-II) as markers for DCs and NK1.1 and DX5 (CD49b) for NK cells. Both ETP and DN2a cells produced distinct populations of CD11c + and NK1.1 + cells (Fig. 3A, left panels) . Most of the CD11c + cells were also positive for surface MHC-II molecules and were high in side scatter, supporting their identification as DCs (Fig. 3A , middle panels), in contrast to the NK1.1 + cells which were negative for MHC-II and low in side scatter, as expected for NK cells (Fig. 3A, right panels) . DN populations from NOD.NK1.1 mice gave similar results to those from B6 mice, producing both DCs and NK cells from ETPs and DN2a cells (Fig 3B) . A high proportion of the CD11c + cells from both mouse strains expressed surface MHC-II and CD11b (Mac1) (middle and right panels).
In marked contrast, DN2b and DN3a cells produced few if any non-T cells of either type (Fig. 3A, B) , and overall CD45 + cell recovery from DN2b and DN3a cells was drastically reduced in the absence of Notch-Delta signaling. The numbers of DC and NK cells produced as calculated per input cell from multiple independent cultures of DN cells from B6 and NOD mice are shown in Fig. 3C . ETPs consistently produced 5-20 times more DC and >5 times more NK cells than the number of input cells. DN2a cells also produced about 5 times more NK cells than input cells, but lower numbers of DCs, approximately equal to the number of input cells. The drop in both NK cell and DC potential in DN2b cells was severe, especially in B6 cultures where these lineages were virtually undetectable.
To test whether loss of viability in the absence of DL1 might preempt the detection of alternative lineage potentials of DN2b cells, DN cells from Bcl2-transgenic mice were also assayed for non-T cell potential. We have previously shown that this transgene preserves viability of T cell precursors under various experimental regulatory perturbations (16, 32) . There was indeed some evidence that viability support may be a limiting factor for the generation of DCs, but not NK cells, since many more DCs were generated from Bcl2 transgenic ETP and DN2a cells than from wild type cells (Fig. 3C, right panels) . However, Bcl2 transgenic DN2b cells showed the same loss of alternative potentials as DN2b cells from nontransgenic animals. Thus, the failure of DN2b cell differentiation in the absence of Notch signals reflects an intrinsically programmed loss of non-T cell developmental potential and suggests an acute increase in Notch dependence for viability, as compared to DN2a cells.
DN2b cells are more sensitive than DN2a cells to Notch signal attenuation
To test if the greater dependence of DN2b cells on Notch-Delta interactions is due to lower sensitivity to Notch signaling than in DN2a cells, we investigated the short term responses of B6 DN2a and DN2b cells to decreasing amounts of Notch signals. Graded doses of a γ-secretase inhibitor X (GSI) was added to normal OP9-DL1 co-cultures of DN2a and DN2b cells and development was assayed after 3 days, while the DN2b cells were still viable and readily characterized. In agreement with the OP9-Ctrl co-culture results, DN2a cells generated a CD44 hi CD25 lo population of cells by day 3 at the highest dose of GSI (red arrows), while DN2b cultures did not produce this population (Fig. 4A) . These cells are likely to include the NK and DC precursors, which have this phenotype, although NK and DC lineage-specific markers were not yet expressed in this subset. CD25 expression, which is directly regulated by Notch signaling (33), declined in both DN2a and DN2b cells treated with GSI in a dose-dependent manner (Fig 4A and 4B) . However, DN2b cells appear to be more sensitive than DN2a cells to reduced Notch signals as seen in their more rapid loss of CD25 with increasing GSI dose (Fig. 4B, left histogram) , not attributable solely to changes in cell size (Fig. 4B, right histogram) , again indicating a functional distinction between DN2a and DN2b cells.
DN2b cells are distinct from DN3 cells: continuing proliferation and delayed β-selection
These results are still consistent with DN2b cells being simply a phenotypic variant of DN3 cells. To assess whether the DN2b cells are also developmentally distinct from DN3 cells, we compared the number of cell divisions each subset must undergo before β-or γδ-selection, as measured by CD25 downregulation, when cultured in the presence of Notch signals (9, 10) . Sorted ETP, DN2a, DN2b, and DN3a cells from B6 mice were stained with CFSE and cultured on OP9-DL1 for 2-4 days. As shown in Fig. 5 , all populations show proliferation in vitro as tracked by CFSE dilution. DN3a cells were distinguished by their dual phenotypic response. Most of the proliferating DN3a cells began CD25 downregulation in their first cell divisions by day 2, with substantial CD25 loss by day 3, after approximately 4 divisions, indicating that these are cells that have successfully rearranged and expressed TCR genes and are undergoing β-or γδ-selection (10) 
These results separate T lineage commitment from the cell cycle arrest that facilitates TCR gene rearrangement and checkpoint control in the DN3 stage. It further establishes the DN2b population of the adult thymus as the closest normal equivalent of the proliferating pLck-GFP + DN2 population reported in transgenic fetal thymus (17) , and confirms that commitment prior to checkpoint arrest in the DN3 stage is a normal integral aspect of T cell development.
Major changes in Notch-related genes follow declines in non-T cell genes at commitment
Identification of DN2b cells as a committed subset distinct from pluripotent DN2a cells and pre-β-selection DN3a cells made it possible to reassess the gene expression changes most closely linked to commitment. Therefore, we used qRT-PCR to compare expression of a panel of signaling response genes, differentiation genes, and major hematopoietic transcription factor genes in ETP, DN2a, DN2b, DN3a, and more mature cells that have either passed through β-selection (DN3b) or γδ-selection (γδT), sorted from both B6 and NOD thymocytes (Fig. 6 ).
The loss of stem or multipotent progenitor-associated gene expression accompanied commitment (Fig. 6A ). Gfi1b and Sfpi1 (PU.1) were steeply downregulated between DN2a and DN2b, falling tenfold between the ETP and DN2b stages overall. Downregulation of PU.1 RNA as a landmark for commitment was also seen in the pLck-GFP transgenic system (17) . Proto-oncogenes Lyl1 and Tal1, and Kit followed similar patterns, with further decrease at DN3a. Runx2 and Bcl11a fell more gradually between ETP and DN3a and were then deeply repressed during β-selection (Fig. 6A) . For PU.1, these changes in RNA expression reflect stepwise decreases in transcription factor protein in precursors transitioning from DN2a to DN2b, as shown by intracellular staining. Fig. 6B shows that ETP and DN2a cells from both B6 and NOD thymuses express similarly high levels of PU.1 protein, with much lower levels in DN3a cells. Importantly, the DN2b cells from both genotypes show a uniform distribution of PU.1 at intermediate levels between those of DN2a and DN3a, not a bimodal distribution, confirming the discrete nature of this stage (Fig. 6B , and D. D. Scripture-Adams & E.V.R., unpublished data). Thus, the first decrease in PU.1 protein occurs after Kit downregulation in individual, newly-committed DN2b cells, consistent with arguments that loss of Sfpi1/Pu.1 and Gfi1b may be needed to cross an early threshold for T lineage commitment (4). However, PU.1 protein, at reduced levels, and the progenitor-cell factors Lyl1 and Tal1 remain available to these cells during this period of continued IL-7-dependent expansion.
Notch signaling is implicated directly in inducing the T cell program and in protecting uncommitted T cell precursors from lineage diversion, as well as in viability support for committed cells as shown above (rev. in (3, 34-36) ). Notch target gene expression peaks at the DN3 stage, including autostimulation of Notch1 and Notch3 (2, 10, 20, 37, 38) , and a key question has been whether intensified Notch signaling directly triggers commitment. We therefore asked whether this increase in expression of Notch target genes occurs from DN2a to DN2b, at the time of commitment, or from DN2b to DN3a, after cells are already committed. The results show that expression of Notch target genes changes very little from DN2a to DN2b with the major upregulation occuring between DN2b and DN3a. Three of four Notch target transcripts analyzed remained constant or even decreased (Dtx1) from DN2a to DN2b, before increasing from DN2b to DN3a stages. The fourth well-defined Notch target gene, Hes1, was already highly expressed from the earliest stages and showed little change from ETP to DN3a. Also, Ptcra, a T-lineage gene that responds strongly to Notch signaling in vitro (4, 16, 32) , was dramatically upregulated in the DN2b to DN3a transition, after little or no increase from DN2a to DN2b (Fig. 6D) . These results imply that increases in Notch signaling do not cause, but rather follow, the loss in alternative lineage potential in the DN2a to DN2b transition.
T lineage identity genes: regulatory changes after and before commitment
Crucial T lineage differentiation genes Ptcra, Rag1, and Cd3e are fully turned on in the DN3 stage (Fig. 6D) . In earlier searches for commitment factors, upregulation of Ets1, Lef1, and Spib distinguished DN3a cells from unseparated DN2 cells, suggesting these as candidate genes for roles in commitment (5) . However, as with Notch target genes, the sharpest upregulation of DN3-associated genes, including Ptcra, Rag1, Lef1, and Spib, occurred from DN2b to DN3a, not in the DN2a to DN2b transition (Fig. 6D) . Thus, this cluster of gene expression changes also appears to occur primarily after, not during, commitment. The same general pattern was seen in cells from both B6 and NOD mice.
Several key factors required for T cell development are turned on long before commitment. IL7ra changes little across this interval, while Runx1 is sustained at high levels, both of which slightly increase to a DN3a peak. Tcf7 and Gata3 are already upregulated in ETP cells as compared to prethymic progenitor cells (2, 21) and we found transcripts of these genes, as well as Runx3, increased little to none from DN2a to DN2b (Fig. 6D) . These factors may be required for T lineage commitment, but they do not appear to be responsible for the abrupt loss in alternative lineage potential.
Only a select group of transcription factor genes showed major switch-like shifts in expression from ETP to DN2b. Id3 was one of the only genes found to be upregulated significantly, although at low levels, from DN2a to DN2b. Two T-lineage regulatory genes undergo dramatic upregulation between ETP and DN2, Bcl11b and the alternative promoter form of Tcf12 (HEBalt) (2, 3, 39) . We confirmed that the major phase of upregulation for both genes occurred between the ETP and DN2a stages, with only small increases in expression from DN2a to DN2b. Although this RNA induction is not itself initially sufficient to commit the cells, the accumulation of products of these genes may contribute to induction of the process and making commitment irreversible.
Discussion
Commitment is an important landmark in any developmental process, as it defines the crucial transition in a cell's internal regulatory state that makes its identity self-perpetuating. The uncommitted cell has access to a number of alternative fates, which a committed cell does not. Recently there has been much discussion of whether these alternatives, and by extension the commitment process itself, are physiologically significant. For example, lineage-tracing evidence shows that the latent myeloid and dendritic cell potentials of early intrathymic precursors may not generally be used in vivo (40) . However, this is a separate question from the significance of commitment. In most developmental systems, it is normal for cells to give rise only to a subset of the fates they might adopt if they were transplanted to a different environment before commitment. The thymic microenvironment is specialized to provide highly coercive signals, especially from Notch ligands, to antagonize non-T differentiation pathways from the ETP stage on (32, 41) . These alternative fates for uncommitted cells remain only latent possibilities as long as the thymic microenvironment is intact. Conversely, it is important to note that even hematopoietic stem cells, which certainly do have T lineage potential, would not generate any T cells at all if all their descendents were prevented from reaching the thymus. In this paper, we deliberately expose cells to broadly permissive environmental conditions in order to determine the point at which it is the cell's intrinsic regulatory apparatus that becomes the limitation on its developmental fate. Understanding the steps involved in this commitment process is necessary to perceive the order and the nature of the particular intrinsic regulatory changes that provide a cell with an irreversible T cell identity.
The DN2 to DN3 transition is a crucial turning point in the differentiation of early thymic T cells. DN2 cells maintain an ability to divert to alternative lineages under various conditions including loss of Notch signaling and alterations in key transcription factor genes (reviewed in (3)) and they express a wide variety of genes including stem cell genes, T cell specific genes, and genes associated with alternative lineages (1, 2, 5, 16, 19 ). Cells at this stage are sensitive to environmental factors that can affect later T lineage choices including αβ vs. γδ and regulatory T cells (42) (43) (44) . For these reasons a more detailed analysis of the regulatory events around the transition from the DN2 to DN3 stage is critical to our understanding of T cell developmental networks. This study shows that the initial slight downregulation of c-Kit expression defines a developmentally intermediate population of cells in nontransgenic, adult mouse thymus that are committed to the T lineage but have not fully differentiated to the DN3 stage based on their continuing cell divisions and gene expression pattern. This transition marks a dramatic increase in dependence on Notch-Delta signals for viability as well as for maintenance of CD25 + phenotype. Not only are these DN2b cells distinct from the uncommitted DN2a cells that precede them, but also they are distinct from the DN3a cells that follow them, in terms of cell cycle programming, γδ-T lineage potential, and expression of regulatory genes that may contribute to these functional differences. Thus, our results also show that T lineage commitment occurs before the cell cycle arrest that facilitates TCR gene rearrangement and checkpoint control in the DN3 stage. In fact, these latter events are more tightly associated with the loss of γδ-T cell developmental potential.
The repression of critical progenitor regulatory genes, Lyl1, Tal1, Sfpi1 (PU.1) and especially Gfi1b, is the most direct indicator of commitment. The protooncogenes Lyl1 and Tal1 are closely related basic-helix-loop-helix (bHLH) factors with critical overlapping but distinct roles in fetal and adult hematopoetic stem cell survival and differentiation (45) . Tal1 is a known regulator of Kit expression (46), although it is not known if Lyl1 also functions in this role, especially in adult thymocytes, as it is the more abundantly expressed gene in these cells.
The abrupt increase in Notch dependence for survival at the DN2b stage may also contribute to a committed state as progenitor-type survival pathways are blocked by loss of these factors. This may be related to the reduction in expression of these stem cell legacy genes, including the decrease in expression of surface c-Kit, the stem cell growth factor receptor. However, our results argue against a proximal role for increased Notch signaling in this repression itself. Although Notch signaling is required throughout early T cell development, the peak upregulation of Notch-related genes occurs after the DN2b stage, after repression of Gfi1b and Sfpi1 begins. This implies a separation between Notch-dependent events involved in ETP mobilization, long before commitment, and Notch-dependent events at the DN2b to DN3a transition, which follows it. Rather than intensifying their expression of Notch target genes, DN2b cells appear to require stronger Notch signals in order to maintain the same levels of expression of Notch target genes such as Cd25.
Many of the key T cell transcription factor genes, including Gata3, Tcf7, Ets1, Runx1, and Lef1, are already expressed in the ETP stage and only gradually increase to their maximal levels in the DN3a stage, with no major changes occurring around the time of commitment. While expression of these factors may be required for commitment, they are only likely to be rate-limiting if they are needed to titrate out an antagonist or competitor. However, the quantitative balance between these positive T lineage regulators and the regulators promoting alternative fates may play a more direct role than previously appreciated in the kinetics of upregulation of T lineage identity genes in individual cells. T cell identity genes like Ptcra, Rag1, and CD3 are initially turned on by the DN2a stage but their major upregulation occurs only after commitment, between the DN2b and DN3 stages, and their expression does not necessarily exclude lineage diversion. For example, DCs and mast cells differentiating from pro-T cells, but not from bone marrow, still express CD3e as proof of their T cell origins (16, 47) . SCL (Tal1) and Lyl1 have been shown to be able to repress Ptcra and Rag1 expression (48, 49) , thus it may be necessary to remove conflicting regulatory inputs from factors like Gfi1b, SCL (Tal1), Lyl1, and PU.1 to unleash the potential of the T cell factors already in place and to complete full T cell specification.
The only transcription factor genes that are both known to be important for T cell development and are sharply induced around the DN2 stage are an alternative splice variant of the bHLH factor Tcf12, HEBalt (39) , and the zinc finger transcription factor Bcl11b (2). Both genes clearly undergo their major upregulation between the ETP and DN2a stages, just before commitment, making these attractive as potential candidate inducers of the T cell specification program and/or repressors of non-T lineage genes. Id3, notably alone, is upregulated between DN2a and DN2b. Id3 is activated in response to β-selection and positive selection signals (50, 51) , suggesting that the DN2a to DN2b transition may also depend on a specific signal triggered by an environmental factor or by newly expressed signaling pathway intermediates. The reciprocal changes in genes encoding bHLH proteins (HEBalt, Id3, Tal1, and Lyl1), all potentially competing as partners for E2A (52) , as well as the drop in Gfi1b, a Tal1/E2A target gene (53) (54) (55) , suggest the possibility that a shift in the composition of bHLH heterodimers in pro-T cells could play a major role in commitment.
This fine-scale ordering of commitment and specification events is a prerequisite for accurate elucidation of the gene regulatory networks controlling early T cell development. These results on the developmental potential and gene expression in the first fully committed transitional cell population will provide a framework for investigating possible commitment signals as well as the mechanisms of repression and altered survival that result in T lineage commitment. 
